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Abstract. One class of internal transport barrier discharges in the JT-60U toka-

mak is characterized by two relatively flatter regions of the pressure separated by

a region with very large pressure gradient. Linear growth rates for toroidal drift-

type modes are calculated for discharges in this class, without and with sheared

E × B rotation effects. For cases with fully-developed barriers, the results with

rotation are consistent with a picture in which the radial electric field generated

in part by the steep pressure gradient causes local stabilization, and thus reduc-

tion of the local anomalous transport, which allows the steep pressure gradient

to persist. If rotation is omitted from the calculation for these cases, or if rota-

tion is included for cases without barriers or with partially developed barriers,

the unstable region spreads into the steep pressure gradient region.
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1. Introduction

One class of internal transport barrier (ITB) discharges in the JT-60U tokamak, that of

the “box-type” ITBs, is characterized by radial profiles of the total pressure with relatively

flat inner and outer regions separated by a relatively steep barrier region. However, for these

sorts of pressure profiles to be able to persist, the transport in the steep barrier region has

to be correspondingly small, though it can remain large in the inner and outer relatively flat

regions. The anomalous transport that governs the evolution of the density and temperature,

and therefore pressure, profiles is widely thought to result from electrostatic toroidal drift-

type instabilities (ion-temperature-gradient (ITG) and trapped-electron modes). These modes

will generally be most unstable, in the absence of rotation effects, in the radial regions where

the density and temperature gradients for the different plasma species, and thus the total

pressure gradient, are the largest. Recently, sheared E × B velocity has been investigated

as a mechanism for stabilizing these modes and thus reducing or eliminating the anomalous

transport, in localized radial regions of tokamak discharges. If this effect is to explain the

experimental observations for ITBs, the stabilization must take place in the region where the

radial pressure gradient, and thus the “free energy” available to drive the modes, is the largest.

This is possible because the E×B rotation velocity is partially generated by the radial pressure

gradient. In particular, in steady state, the radial electric field Er is determined by the radial

force-balance relation Er = VIφBθ −VIθBφ +(1/eInI)dpI/dr, where VIφ and VIθ are the toroidal

and poloidal components of an impurity species flow velocity, Bφ and Bθ are the corresponding

magnetic field components, and eI, nI , and pI are the impurity species charge, number density,

and pressure, respectively. If the pressure gradient is large enough in the steep pressure gradient

region, it can thus generate a significant radial electric field with a corresponding radial electric

field gradient. In favorable circumstances, the flow velocity components can also contribute to

the radial electric field. If the field and its gradient are large enough, E×B rotation stabilization

of the instabilities can cause a local reduction in anomalous transport in this steep gradient

region, allowing the steep pressure gradient to persist. Thus, we can have a situation with a kind

of “feed-back loop” in which the steep pressure gradient along with the plasma flows generates

an electric field which reduces anomalous transport locally, and thus allows the steep pressure

gradient to persist.

In the present work, we will examine some parts of this “loop”. In particular, we will calculate

the linear growth rates of electrostatic toroidal drift modes without and with sheared E × B

rotation effects, and see where the regions of linear stability are with respect to the steep

pressure gradient region for various JT-60U ITB and non-ITB cases. If the results are to be

consistent with the forgoing argument, we should see stability or near stability in the steep
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gradient region, but possible instability outside that region, for cases with fully-developed ITBs

when rotation effects are included. Conversely, when the ITB is degraded or absent, or when

rotation effects are not included in the linear growth rate calculation, we should see the region

of linear instability spread into the steep gradient region.

For this purpose, we will make use of the comprehensive kinetic microinstability code called

the FULL code[1–3]. The FULL code employs the lowest-order ballooning representation[4] and

includes all of the kinetic effects thought to be important for toroidal drift modes, including

trapped particles, finite Larmor radius effects, banana orbital dynamics, transit and bounce

and magnetic drift frequency resonances, and collisions, for all included species. We will also

employ the rotation model described in general in Ref. [5] and implemented in the FULL code as

described in Ref. [6], along with the one-dimensional, ballooning representation model described

in Refs. [7] and [8] of the two-dimensional rotational “eigenfunction shearing” effect described in

Ref. [9]. This combined rotation model is qualitatively consistent with the well-known heuristic

condition[10] for stabilization of drift modes, in which the mode is expected to be completely

stabilized when the E×B shearing frequency, calculated for instance according to the definition

in Ref. [11], is comparable to the linear growth rate calculated without rotation. The present

model has the advantage, however, that it can be used to calculate the growth rate reduction

effects of rotation when the amount of E×B rotation is not large enough to completely stabilize

the mode.

We will make use of several cases for the JT-60U tokamak, which is described in general

terms in Ref. [12]. Three of these cases correspond to three discharges of varying magnetic

shear, one with normal shear, one with weakly reversed shear, and one with strongly reversed

shear, only the last of which has an ITB. The other cases correspond to two or three different

times in each of three different discharges involving some kind of confinement transition, with

only some times corresponding to fully-developed ITBs. For each of these cases, all of the

quantities which enter the formula given above for Er are measured experimentally, except for

VIθ, for which a neoclassical approximation is employed. The resulting radial profile for Er, along

with experimentally-derived radial profiles for the densities and temperatures of the included

plasma species, are employed in the FULL code linear microinstability calculation. These species

are electrons, background deuterium (and/or hydrogen) ions, carbon impurity ions, and hot

deuterium (or hydrogen) beam ions. All of these species are used with a Maxwellian equilibrium

distribution function, except for the hot beam ions, for which a slowing-down distribution is

employed. The MHD equilibrium is computed numerically using the experimentally-derived

toroidal current and total pressure profiles, and the plasma boundary shape.
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2. Results

The first three cases correspond to JT-60U discharges E29826 with normal magnetic shear,

E29390 with weakly reversed magnetic shear, and E32423 with strongly reversed magnetic

shear[13, 14]. All of these discharges have deuterium background ions and deuterium hot beam

ions, along with the carbon impurity and electron species. The total pressure profiles at a chosen

time in each discharge are shown in Fig. 1(a), with the normal shear case in red, the weakly

reversed shear case in blue, and the strongly reversed shear case in green. The normal shear

and weakly reversed shear cases do not display the narrow, steep pressure profile region that

characterizes this class of ITBs, while only the strongly reversed shear case pressure profile

displays a clear ITB. The linear growth rate curves in Fig. 1(b) including the effects of rotation

for the three cases are shown in the corresponding colors. The inner and outer marginally stable

radii (or more precisely the radii of the last unstable point calculated before stability) including

rotation are marked along the pressure profile curves with solid triangles of the matching colors.

The radii of the maximum linear growth rate including rotation for each case are marked with

a solid circle along the pressure profile curves in the matching colors also. The inner and outer

marginally stable radii without rotation, corresponding to the linear growth rate curves without

roation shown in Fig. 1(c), are marked with vertical solid bars along the pressure profile curves

in the matching colors also. The linearly unstable region with or without rotation extends far

in for the normal shear and weakly reversed shear cases, covering most of the region of pressure

rise. Without rotation, only for the case with normal shear, the unstable region extends to the

plasma edge region, but is stabilized there when rotation is included. On the other hand, for

the strongly reversed shear case with rotation, the unstable region is very narrow, covering only

the outermost part of the steep gradient region and the innermost part of the outer relatively

flatter pressure gradient region, beyond the footpoint. The footpoint for an ITB is defined as

the radial boundary point between the steep pressure gradient region and the outer relatively

flatter pressure region. However, if rotation effects are omitted for this case, the inner marginal

point moves to be inside the steep pressure gradient region, again most of the way up the

pressure rise.

In Fig. 1(d) are shown the corresponding results for the real frequency, ωr for these discharges.

In particular, for the case with strongly reversed shear and with the ITB, the real frequency

without rotation is in the electron diamagnetic direction at the smallest unstable radii and in

the ion diamagnetic direction at the largest unstable radii. This seems to be a general feature

of this class of discharges, sometimes with some additional changes of sign of the real frequency

in between. This is due to the fact that the electron density gradient peaks radially inside the

ion temperature gradient. With rotation, the real frequency is strongly doppler-shifted for both
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reversed shear cases. In Fig. 1(e) the radial profiles of the safety factor q are shown. For the

strongly reversed shear case with the ITB, the unstable region and the ITB region are inside

the minimum q radius. Finally, in Fig. 1(f) the corresponding radial electric field profiles are

shown. In the present E×B rotation model, Er and E2
r and Er

′ can all contribute to rotational

stabilization. The strongly reversed shear case with the ITB has a region where |Er
′| is large

covering the entire steep pressure gradient region.

Figure 2 shows two times in discharge E29728, which also has deuterium background ions and

deuterium hot beam ions along with the carbon impurity and electron species, and is marked

as for Fig. 1. The earlier time, t = 6.0 s (in red), has a somewhat weaker ITB, while the later

time, t = 6.5 s (in blue), has a strong ITB, judging by the respective pressure profiles. The

plasma has reversed magnetic shear at both of these times. At t = 6.0 s, with the weaker ITB,

the unstable region with rotation extends about halfway up the pressure rise, while without

rotation it extends to the inside of the steep pressure gradient region. At t = 6.5 s, with the

stronger ITB, the unstable region with rotation included is again very narrow and extends only

over the outermost part of the steep gradient region and goes only slightly past the footpoint,

while with rotation omitted the unstable region extends halfway up the pressure rise.

Figure 3 shows two times in discharge E32844, which has mainly hydrogen background ions

with only a small amount of deuterium background ions, and has only hydrogen hot beam ions,

again along with the carbon impurity and electron species. The figure is again marked as for

Figs. 1 and 2. The earlier time, t = 4.9 s (in red), is clearly before the confinement transition

time and does not have an ITB at all, but instead has a well spread-out pressure gradient. The

later time, t = 6.2 s (in blue), has a somewhat well-developed ITB, with a fairly narrow high

pressure gradient region. The plasma has reversed magnetic shear at both of these times. At

t = 4.9 s, the linearly unstable region either with or without rotation again covers most of the

pressure rise. At t = 6.2 s, on the other hand, the unstable region with rotation in moderately

narrow, extending from about one third of the way up the pressure rise in the steep gradient

region to a point moderately past the footpoint. For this time with rotation omitted, the linearly

unstable region is wider in both directions. For this discharge, density fluctuations have been

measured experimentally by means of reflectometry[15, 16]. These measurements show not so

much a decrease in the fluctuation amplitude with improved confinement as a large decrease

in the radial correlation length. This is consistent with the picture from the linear growth rate

calculation here where the toroidal drift mode is not completely stabilized everywhere, but

rather the linear eigenfunction is “torn up” by the sheared rotation.

Figure 4 shows three times in discharge E36486, which again has only deuterium background

ions and deuterium hot beam ions, along with the carbon impurity and electron species. This

discharge has been analyzed in detail from an experimental point of view in Ref. [17]. The
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first time, t = 5.85 s (in red), is at the end of a period of balanced beam injection and has

a well developed ITB. The discharge is then switched to dominantly coinjection, and at the

second time, t = 6.4 s (in blue), the ITB has been substantially degraded. The discharge is then

switched for a short period to dominantly counterinjection, and then to balanced injection, and

the ITB gradually recovers. The third time, t = 6.8 s (in green), has a partially recovered ITB

where the maximum pressure gradient is larger than that at t = 6.4 s but is not yet as large as

that at t = 5.85 s. This evolution process for the time history of the ion temperature gradient

at the ITB and for the experimental profiles is shown in Figs. 6 and 7 of Ref. [17]. The plasma

has reversed magnetic shear at all three of these times. In the results here in Fig. 4, for t = 5.85

s with the well-developed ITB, the unstable region with rotation included is very narrow and is

entirely outside the footpoint, while with rotation omitted the linearly unstable region is much

broader and covers the entire steep pressure gradient region. At the second time, t = 6.4 s with

the substantially degraded ITB, the linearly unstable region either with or without rotation

covers essentially the entire steep pressure gradient region. At the third time, t = 6.8 s with the

partially recovered ITB, the linearly unstable region with rotation included covers the outer

half of the steep gradient region, while if rotation is omitted it covers again essentially the entire

steep pressure gradient region.

3. Conclusions

The point of all of these comparisons is to look for a particular kind of consistency, as

described in Sec. 1. If we assume that the anomalous transport is large only in the linearly

unstable radial region, then we need it to be large in regions where the pressure profile is

relatively flatter (i.e., beyond the footpoint), and relatively smaller in regions where the pressure

gradient is large (i.e., inside the footpoint), in order for the ITB pressure profile to be able to

persist. We seem to have this condition for all of the cases in these groups where the ITB is fully

developed, along with partial exceptions to this condition when the ITB is partially developed,

and complete exceptions to this condition when there is no ITB. Thus, the results seem to be

reasonably consistent in this sense for all of these groups of cases. If rotation is turned off in

the calculations, the linearly unstable region in several cases extends further inward and spoils

this pattern. This is because the stabilizing effect of the Er rotation generated by the large

pressure gradient there and by the flows is omitted.

In the innermost and outermost regions, where the pressure profile is relatively flatter, but

there is no instability for these toroidal drift modes, we would have to rely on neoclassical trans-

port or on anomalous transport from some instability other than the toroidal drift mode the

explain the profile evolution. However, the main point of the present paper is the stabilization
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of toroidal drift modes by sheared E × B rotation in the steep pressure gradient region. No

particular allowance has been made here for a decrease in the amount of anomalous transport

as the radial marginal points are approached, but this would go along with estimating the

anomalous transport by a γ/k2
⊥ type mixing-length formula. This present instability calcula-

tion is a strictly linear calculation, and does not allow for a nonlinear upshift in the marginal

gradients (as has been seen, for instance, in Ref. [18]), nor for any nonlinear broadening of

the anomalous transport region relative to the linearly unstable region (as has been seen, for

instance, in Ref. [19]). To some extent, these two nonlinear effects would balance each other

out.

In future work, it would be useful to examine other classes of enhanced confinement dis-

charges by the same methods. In particular, the JT-60U experiment and other experiments

have several different kinds of ITB discharges, and it would be interesting to see if the same

kind of consistency is observed for other kinds as well.
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Figure 4.  (a) Total pressure, linear growth rate (b) with rotation and (c) without rotation, 

(d) real frequency, (e) q, and (f) E
r
  versus r/a for JT-60U discharge E36486 at t = 5.85 s (in red),

t = 6.4 s (in blue), and t = 6.8 s (in green).
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